Objective: To investigate the association between maternal exposure to severe life events and fetal growth (birthweight and small for gestational age). Stress has been associated with adverse pregnancy outcome. Methods: Mothers of 1.38 million singleton live births in Denmark between January 1, 1979 and December 31, 2002 were linked to information on their spouses, parents, siblings, and older children. Exposure was defined as death or serious illness in a relative during pregnancy or in the 6 months before conception. Linear regression was used to examine the effect of exposure on birthweight. Log-linear binomial regression was used to assess the effect of exposure on small for gestational age. Results: Death of a relative during pregnancy or in the 6 months before conception reduced birthweight by 27 g (adjusted estimate Ϫ27 g, 95% Confidence Interval (CI) ϭ Ϫ33, Ϫ22). There was a significant association between maternal exposure to death of a relative and risk of a baby weighing below the 10th percentile (adjusted relative risk (RR) ϭ 1.17, 95% CI ϭ 1.13, 1.22) and 5th percentile (adjusted RR ϭ 1.22, 95% CI ϭ 1.15, 1.29). Conclusions: Mothers exposed to severe life events before conception or during pregnancy have babies with significantly lower birthweight. If this association is causal, the potential mechanisms of stress-related effects on birthweight include changes in lifestyle due to the exposure and stress-related dysregulation of the hypothalamic-pituitary-adrenal axis during pregnancy.
INTRODUCTION

I
ntrauterine growth restriction (IUGR) in which a baby fails to reach its growth potential is a serious complication of pregnancy. Perinatal mortality rates in IUGR fetuses are four to ten times higher than that of normally grown infants (1) and approximately 5% to 10% of all pregnancies complicated by IUGR will result in either stillbirth or neonatal death (2, 3) . Suboptimal fetal growth is responsible for at least one quarter of all stillbirths (4) and recent evidence suggests that this figure is probably higher (5) . Analysis of over 23,000 fetal deaths in California on population-based percentile curves showed a strong link between low fetal weight for gestational age and fetal demise (6) .
Of major public concern is the long-term childhood morbidity for survivors of pregnancies affected by IUGR. At 2 years of age, 5% of survivors of pregnancies affected by IUGR will have cerebral palsy and this increases to 10% among survivors delivered at Ͻ30 weeks' gestation (3) . It is also well established that a hostile intrauterine environment places surviving infants at significant risk of a variety of medical problems in adulthood. Adults who were growth restricted in utero have significantly increased risks of developing chronic hypertension, cardiovascular disease, including chronic hypertension and Type II diabetes (7) .
The idea that maternal psychosocial stress influences the unborn baby exists in all cultures (8) , and previous studies have suggested an association between stress and low birthweight (Ͻ2500 g) (9) . Anxiety (10), depression (11) , distress (9), 9/11 attacks (12), life events (13) , lifestyle (14) , and work-related stress (15) are among the psychosocial stressors investigated in relationship to low birthweight. The authors of most of these studies reported that maternal exposure to psychosocial stress decreases birthweight significantly. Recently, Smits et al. (12) defined stress as exposure to the September 11 attacks via media reporting in a study of Dutch neonates. The authors reported around 50-g reduction in mean birthweight of the offspring of exposed women compared with those who were unexposed. Pritchard and Teo (16) found a significant association (odds ratio ϭ 4.08) between high levels of household strain at 20 and 30 weeks' gestation and odds ratio of low birthweight. Karlsson et al. (17) reported a more than three-fold increased odds ratio of small for gestational age (SGA) in relation to poor social network and an almost three-fold increased odds ratio of SGA in relation to poor social support. In contrast, Homer et al. (18) found no significant association between maternal work-related stress and risk of low birthweight. In another study, there was no significant association between maternal exposure to life events and mean birthweight (19) . Several reasons may have contributed to the inconsistent results reported from these studies, including different definitions of psychosocial stress, small sample size, and retrospective designs (20) .
We used the Danish national registers to investigate the association between maternal exposure to severe life events and fetal growth. We defined severe life events as the experience of death or serious illness in a close relative. Bereaved persons are considered to be at risk of stress (a psychological response to adverse conditions) because they must adapt to the permanent loss of the deceased person and the relationship they enjoyed with them (21) . Life stressors, which involve actual or threatened death, or serious injury of a family member, are considered to be traumatic stressful events according to the Diagnostic and Statistical Manual of Mental Disorders, 4th Edition criterion (22) . We expect these life events to affect any person regardless of their personality or strength of social network (23) . However, in this study, we take into account the fact that death of a relative may be a more severe stressor than a close relative receiving a diagnosis of serious illness; as such, we analyzed separately as well as together as a combined exposure group. According to Osterweis et al. (24) , the adverse effect of bereavement could be reduced by social support by providing the physical and emotional resources that may help the bereaved persons to cope with their loss.
In a large study, Smith et al. (25) reported that first trimester plasma concentrations of a protein associated with the transfer of nutrient flow from mother to fetus in the placenta was significantly correlated with final fetal weight. We hypothesized therefore that the greatest effect of stress on final fetal weight would occur post exposure in the first trimester exposure. Furthermore, fetal weight is sex dependent (on average males are heavier at birth than females); therefore, we also hypothesized that any stress effects on fetal weight would be sex dependent.
METHODS
All women who gave birth to live singleton babies in Denmark between January 1, 1979 and 2002 (n ϭ 1,439,122) were identified using the Medical Births Register (26) , which includes information on birthweight, gestational age, and parity from 1973. Using the Civil Registration Number, we linked these women to their close relatives, i.e., fathers, mothers, spouses, siblings, and older children (excluding stillbirths). This number is unique and enables linkage between all Danish national registers. These close relatives were also linked to the Civil Registration System (27) to determine if and when they had died. They were also linked to the National Hospital Register (28) to identify any diagnoses of cancer, acute myocardial infarction (AMI), or cerebrovascular accident (CVA) among close relatives. The Danish Data Protection Agency and the Danish National Board of Health have given permission to conduct this study.
Maternal exposure to stress was defined as first diagnosis of cancer (International Classification of Diseases (ICD)-8 codes 140 to 207 and ICD-10 C00 to C97), AMI (ICD-8 410 and ICD-10 I21, I22), CVA (ICD-8 431, 433, 434 and ICD-10 I61, I63, I64) or death of a first-degree relative of the pregnant mother occurring either during pregnancy or in the 6 months before (the periconceptional period). The date of exposure was defined as the date of death or the date of first hospital admission leading to diagnosis of illness in the ICD coding ranges specified above. The first day of the last menstrual period (date of pregnancy) was defined using date of birth and gestational age. Date of maternal exposure was further classified by timing: up to 6 months before pregnancy; first trimester (0 to 12 weeks); second trimester (13 to 24 weeks); and third trimester (25 weeks to birth). Mothers were considered exposed if they had links to all relatives, and at least one relative died or was diagnosed with a relevant severe illness during the exposure period. They were considered unexposed if they had links to all relatives and no relative experienced a stressful event during the exposure period. If more than one exposure occurred during the same pregnancy, priority for classification was given to first trimester, before pregnancy, second trimester, and finally third trimester (i.e., if a woman was exposed to death of her spouse in the first trimester and death of her mother in the second trimester, she was considered exposed in the first trimester).
Some children who were registered in the Civil Registration System but not in the Medical Birth Register were not included in this cohort. Birthweight was considered implausible and treated as missing if it was Ͻ500 g or Ͼ5500 g. Furthermore, birthweight was assumed missing if it was recorded as Ͼ1500 g and gestational age Ͻ29 weeks. For gestational age 29 to 33 weeks, birthweight was assumed missing if it was recorded as Ͼ2800 g. In total, 16,536 (1.15%) offspring had missing birthweight and 39,634 (2.75%) had missing gestational age. The final cohort consisted of 1,382,952 singleton births with information on birthweight and gestational age. From 1979 until 1990, birthweight had been recorded in 10-g intervals and in 1-g intervals from 1991 onward. However, due to a marked digit preference to the nearest 10, 50, and 100 g, we assumed that birthweight was recorded in 100 g during the study period.
SGA was defined as birthweight within the lower 10th percentiles of the sex-specific and gestational age distributions. Due to the increase in mean birthweight over the years, percentiles were also defined separately for three different periods: 1979 to 1986, 1987 to 1992, and 1993 to 2002 for SGA determination. We also defined a very SGA category (VSGA) using the 5th percentiles. Because birthweight was rounded to the nearest 100 g, cutoffs which included exactly 10% and 5% of weights could not be defined; the nearest lower figures were used instead, giving percentages closer to 8% and 4%.
Statistical Analysis
Statistical analyses were performed using Stata Software (College Station, Texas) (29) . Linear regression analysis (30) was initially used to determine the association between prenatal exposure to stress and birthweight of the offspring. The models were adjusted for gestational age so as to reflect a measure of fetal growth not confounded by the length of gestation (14) . We also adjusted for the potential confounding factors: parity, year of birth (in 1-year categories), maternal age, maternal medical history of diabetes, and maternal medical history of hypertension, AMI, and renal disease. Gestational age was represented as a continuous variable whereas all the other variables were categorical. Because the relationship between birthweight and gestational age is not linear, fractional polynomial regression was used to determine the best functional relationship resulting in a model with four fractional polynomial functions of gestational age. Furthermore, birthweight variance was found to vary according to gestational age, violating usual regression assumptions. Therefore, we used variance weighted least squares, which does not assume constant variance to fit the models. The birthweight standard deviation (SD) for each week of gestational age was calculated and included in the model.
We also used log-linear binomial regression (31) to estimate the relative risk (RR) of SGA and VSGA. Relative risks were adjusted for maternal age, parity, maternal medical history of diabetes, maternal medical history of hypertension, AMI, renal disease, and year of birth. When convergence was not achieved-a recognized problem with this model-log-linear Poisson regression with "robust" estimation variance was used (32) .
To examine whether exposure to stress during the second trimester had the same effect on birthweight as exposure during other periods, we specified exposure during the second trimester as the base (reference) category and fitted a variance weighted regression model.
In a separate model, we controlled for all these factors in addition to the potential confounding effect of smoking (which was only available for 1991-1996). Smoking, which was measured during the first antenatal visit, was represented as a categorical variable (smoker, not smoker, unknown). We also examined whether the effect of maternal exposure to stress on fetal growth was the same for male and female babies as we hypothesized. This was done by adding a term representing the statistical interaction between infant gender and the exposure variable.
Missing Data due to Incomplete Linkage
The main reason for missing information was absence of linkage between mothers and their relatives. Mothers who were not living at the same address
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as their parents when the Danish Civil Registration System was established in 1968 had no links to them in this data source and subsequently had no links to their siblings either. For the purpose of sensitivity analysis, subjects with missing data were grouped in a separate category.
RESULTS
Mean birthweight of the cohort (n ϭ 1,382,952) was 3485 g (SD ϭ 567.9) and mean gestational age was 40 weeks. Mean birthweight increased from 3417 g in 1979 to 3541 g in 2002. Mean birthweight increased with parity and was higher for male children (Table 1) ; there were associations with maternal history of diabetes, hypertension, and renal disease.
Mean birthweight increased with maternal age in offspring of women Ͻ35 years old and decreased again in women aged Ն35 years. Of all births 8.0% and 4.1% were defined as SGA and VSGA, respectively. Among exposed mothers, 4125 (8.3%) and 2168 (4.4%) offspring were classified as SGA and VSGA, respectively.
The adjusted difference in mean birthweight between offspring of unexposed mothers and offspring of mothers exposed to death of a close relative during the periconceptional period (Table 2, column 3) was estimated from the variance weighted regression model. The estimates suggested that ma- SD ϭ standard deviation; SGA ϭ small for gestational age; VSGA ϭ very small for gestational age. 
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ternal exposure to death of a relative during the periconceptional period reduced mean birthweight by 27 g on average (adjusted estimate Ϫ27, 95% Confidence Interval (CI) ϭ Ϫ33, Ϫ22). The greatest reduction was for exposure during the second trimester when mean birthweight was reduced by 47 g on average (adjusted estimate Ϫ47, 95% CI ϭ Ϫ61, Ϫ33). Further analyses showed that mean birthweight of offspring of mothers who were exposed in the second trimester was significantly greater than those who were exposed in the 6 months before pregnancy (adjusted difference 27 g, 95% CI ϭ 11, 44), but not those who were exposed during the first or third trimesters.
In a separate analysis, we added a statistical interaction between infant gender and the exposure variable (death of any relative) to the model. There was no significant difference in the effect of maternal exposure to death of a relative during the periconceptional period on birthweight of males (adjusted estimate Ϫ26 g, 95% CI ϭ Ϫ35, Ϫ18) versus females (adjusted estimate Ϫ28 g, 95% CI ϭ Ϫ36, Ϫ20).
To examine the potential confounding effect of smoking on the relationship between maternal exposure to death of a relative and birthweight, we used the data from 1991 to 1996. Two models were fitted-one without smoking and one with smoking. The estimates suggested that antenatal maternal exposure to death of a relative reduced mean birthweight by 27 g (95% CI ϭ Ϫ37, Ϫ17). When we adjusted for smoking, the reduction in mean birthweight was 19 g (95% CI ϭ Ϫ29, Ϫ7).
The RRs of SGA and VSGA in relationship to maternal exposure to death of a relative (Table 2 ) were 1.17 (95% CI ϭ 1.13, 1.22) and 1.22 (95% CI ϭ 1.15, 1.29), respectively, and were significantly increased in each exposure period with one exception. The largest increase in risks of SGA was for the second trimester exposure (RR ϭ 1.24, 95% CI ϭ 1.13-1.36) but differences between trimesters were slight. The RR of VSGA baby was significantly increased for exposure in the first and third trimesters and up to 6 months before pregnancy but not in the second trimester (adjusted RR ϭ 1.12, 95% CI ϭ 0.98, 1.29).
We also investigated the association between birthweight and maternal exposure to serious illness, defined as first diagnosis of cancer, AMI, and CVA in close relatives. Maternal exposure to a serious illness diagnosis in a relative (Table  3) reduced mean birthweight by 12 g (adjusted estimate Ϫ12, 95% CI ϭ Ϫ17, Ϫ6). Risk of an SGA baby was increased by 7% in women exposed to a serious illness diagnosis in a relative (adjusted RR ϭ 1.07, 95% CI ϭ 1.03, 1.11). The RR of a VSGA baby was increased by 9% in women exposed to a serious illness diagnosis in a relative (adjusted RR ϭ 1.09, 95% CI ϭ 1.03, 1.15).
In addition, we examined the relationship between the outcome measures and maternal exposure to serious life events in close relatives (illness or death). Maternal exposure to serious life events (Table 3 ) during the periconceptional period reduced mean birthweight by 21 g (adjusted estimate Ϫ21, 95% CI ϭ Ϫ25, Ϫ17) and increased risk of SGA by 12% (adjusted RR ϭ 1.12, 95% CI ϭ 1.09, 1.15) and risk of VSGA by 15% (adjusted RR ϭ 1.15, 95% CI ϭ 1.10, 1.20).
Mothers of 24.1% of the offspring had missing links to at least one relative, mainly their parents; those mothers tended to be older and were more likely to have given birth in the early years of the cohort. Mothers of 0.9% offspring had no links to their spouses. CI ϭ confidence interval; SGA ϭ small for gestational age; RR ϭ relative risk; CI ϭ confidence interval; VSGA ϭ very small for gestational age. a Adjusted as in Table 2 . b Unexposed to illness diagnosis in close relatives. c Unexposed to death or illness diagnosis in close relatives.
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We found that mothers, who experienced the death of a first-degree relative periconceptionally, gave birth to babies with significantly reduced birthweight. Offspring of those mothers were also found to be at a significantly increased risk of being SGA and VSGA. The association was significant in all trimesters and up to 6 months before pregnancy. Furthermore, maternal exposure to a serious illness diagnosis in close relatives was found to be significantly associated with reduced birthweight and increased risk of SGA and VSGA, although not in all trimesters. Contrary to our hypothesis, this study does not provide evidence that the effect of stress on fetal growth is trimester-specific. Instead, the evidence suggests that exposure to severe stress during any period of pregnancy and even before pregnancy may adversely influence fetal growth. Contrary to our hypothesis, the effects of maternal exposure to stress on birthweight of female and male infants were not significantly different.
Many studies have examined the relationship between maternal exposure to psychosocial stress and fetal growth. Brooke et al. (33) found no evidence of an association between psychosocial stress (estimated by General Health Questionnaire (GHQ) and life events questionnaire) and birthweight. Two large Danish studies (34, 35) reported a nonsignificant association between distress/psychosocial factors (GHQ and life events questionnaire) and birthweight for gestational age and SGA. In contrast, a Brazilian study (9) reported a two-fold increased risk of low birthweight in mothers exposed to distress (GHQ and State Trait Anxiety Inventories) during the second trimester. However, the authors of this study found no evidence of an association between stress (Perceived Stress Scale) or distress and IUGR. Others reported that maternal perceived stress (two questions about stress at work and at home) was associated with reduced birthweight (14) . Copper et al. (36) reported an association between psychosocial stress (stress, self esteem, anxiety, and depression) and low birthweight but not IUGR. Wadhwa et al. (37) reported that maternal exposure to life events stress was on average related to 55-g reduction in birthweight. A recent study (38) found that lack of maternal social support may decrease mean birthweight by 200 g. A greater adverse effect of lack of social support on birthweight was observed in smoking mothers compared with nonsmoking mothers. Steer et al. (39) reported a three-fold increased risk of SGA and a four-fold increased risk of low birthweight among offspring of mothers with depressive symptoms.
Paarlberg et al. (40) reported a significant association between number of housekeeping hours in the first trimester and risk of SGA. Poor psychosocial resources (poor social stability, poor emotional support, and poor social participation) were found to be associated with increased risk of SGA (17) . A Swedish study (41) investigated the association between low birthweight and maternal exposure to two national disasters in a cohort of Ͼ15,000 pregnancies. The authors found an increased incidence of low birthweight (Ͻ1500 g) in offspring of women who were exposed to the murder of the prime minister during the third trimester and the sinking of ferry Estonia during the second trimester.
The present study is the largest unselected cohort study to date and used an individual level measure of antenatal exposure to stress. We examined SGA at the 10th and 5th percentile level whereas most of the previous studies examined the 10th percentile only. We used a well-defined objective measure of stress to avoid the potential reporting biases that may have affected previous studies that measured self-reported stressors. Furthermore, we believe the exposures in our study are likely to have caused high levels of stress to all mothers, regardless of their personality, family support, and ability to deal with stressful events. We had almost complete information on birthweight and gestational age, although birthweight was recorded in 100-g bands.
However, there are some limitations to this study. First, the observed effect sizes are modest and might be explained by lack of control for relevant confounders, such as socioeconomic status (SES). It is plausible that low SES mothers have larger family sizes and higher rates of morbidity and mortality and therefore are more likely to be exposed (41) . Low SES urban, mainly African-American, mothers were reported to be more likely to deliver infants with significantly and clinically lower birthweight (43) . In a Scottish cohort, infants of mothers from deprived areas were found to be smaller on average (44) .
Second, we had information on maternal smoking for 6 years only. Although including smoking in the model did not change the conclusions, it did decrease the estimates. However, some research suggested that women tend to smoke to relieve stress, unhappiness, and depression (45) . This suggestion leads to the possibility that maternal smoking may be acting on the pathway between stress and fetal growth. If this concept is true, the effect of smoking on the relationship between maternal exposure to stress and fetal growth is, in part, a confounding effect and, in part, a mediation effect. Analyses that treat it as a "pure" confounder would tend to underestimate effects. Other potential consequences of stress, such as prescribed medications, which could affect birthweight, should similarly not be considered as confounders.
Third, we were not able to adjust for maternal alcohol consumption during pregnancy because we had no information on this variable. Maternal alcohol consumption is a known risk factor for lower birthweight and obstetric complications in general.
Fourth, there was no specific association between severe life events during any particular trimester and reduced birthweight or risk of SGA or VSGA. One therefore could hypothesize that reduction in birthweight and risk of SGA is caused by familial risk factors and that these risk factors also are associated with a generally increased mortality among relatives. This would lead to an excess of deaths among relatives also during pregnancy, but not confined to this period. If this hypothetical explanation was true, the factor relevant for the association would therefore not be stress during pregnancy but
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rather exposure to risk factors operating for longer periods, possibly throughout life.
Mothers of one quarter of the offspring had missing links to at least one relative, and in most of these cases, the missing links were to both of her parents. This shortcoming was largely due to the fact that the women left home before the family links in the Danish Civil Registration System were fully operational, and therefore this is unlikely to introduce any bias. Interestingly, offspring of mothers with missing links were smaller than the average birthweight. It is possible that mothers with missing links to their relatives had less family support, which is a known risk factor for poor pregnancy outcomes (46) .
The greatest reduction in birthweight and increase in risk of SGA and VSGA were found in the subgroup with missing spouses. We expected this increase because the main reason for missing links to spouses was early death (stillbirth or neonatal death) of the offspring and these outcomes are strongly associated with restricted fetal growth. If exposure is a cause of restricted fetal growth and hence early death, it would follow that more exposed women with low birthweight babies would be excluded from the main comparison because of missing links to spouses, compared with unexposed. The effect of this, if any, would be to underestimate the effect of exposure in the included women. However, any effect is likely to be small as the subgroup with missing spouses represent a small percentage (Ͻ1%) of the whole cohort.
If the association we found represents a causal link between maternal stress and a reduction in fetal growth, several causal mechanisms could be hypothesized. Maternal stress may influence fetal growth by releasing stress hormones, such as cortisol, catecholamine, oxytocin, neuropeptides, or by alerting the immune system. Catecholamines, for instance, result in placental hypoperfusion and consequent restriction of fetal growth (36) . Maternal high levels of cortisol would lead to high levels of cortisol in the fetus (12) ; high fetal levels of cortisol are known to affect the development of the brain as well as fetal growth. High levels of pituitary hormones, such as oxytocin, may lead to premature uterine contractions that may trigger premature labor (37) . Maternal stress may also influence fetal growth by changing habits, such as smoking, drinking alcohol, diet, or use of medications/drugs (9) .
The effect of maternal stress on fetal growth was maximal in the second trimester; at this crucial time, fetal growth and organ development are associated with an increase in the maternal blood supply to the fetus and placenta, consequent on invasion of the maternal spiral arteries by placental trophoblast cells (47) .
CONCLUSION
Our study suggests that antenatal maternal exposure to severe life events may adversely affect fetal growth. There is no evidence to suggest that the relationship between maternal exposure to emotional stress and fetal growth is trimesterspecific.
